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ABSTRACT
We study optical counterparts of a new-born pulsar in a double neutron star system like PSR J0737-
3039A/B. This system is believed to have ejected a small amount of mass of O(0.1M⊙) at the second
core-collapse supernova. We argue that the initial spin of the new-born pulsar can be determined by
the orbital period at the time when the second supernova occurs. The spin angular momentum of
the progenitor is expected to be similar to that of the He-burning core, which is tidally synchronized
with the orbital motion, and then the second remnant may be born as a millisecond pulsar. If the
dipole magnetic field strength of the nascent pulsar is comparable to that inferred from the current
spin-down rate of PSR J0737-3039B, the initial spin-down luminosity is comparable to the luminosity
of super-luminous supernovae. We consider thermal emission arising from the supernova ejecta driven
by the relativistic wind from such a new-born pulsar. The resulting optical light curves have a rise
time of ∼ 10 days and peak luminosity of ∼ 1044 erg/s. The optical emission may last for a month to
several months, due to the reprocessing of X-rays and UV photons via photoelectric absorption. These
features are broadly consistent with those of the rapidly rising optical transients. The high spin-down
luminosity and small ejecta mass are favorable for the progenitor of the repeating fast radio burst,
FRB 121102. We discuss a possible connection between newborn double pulsars and fast radio bursts.
Keywords: supernovae: general — pulsars: general — binaries : close —
1. INTRODUCTION
The double pulsar, PSR J0737-3039A/B, is one
of the most important stellar objects for study-
ing compact stars and gravity (Lyne et al. 2004;
Kramer et al. 2006). Such a double pulsar system
will eventually merge due to gravitational-wave emis-
sion, which is one of the main targets of ground-based
gravitational-wave detectors, Advanced LIGO/Virgo
and KAGRA. Binary neutron stars are also consid-
ered to produce a short gamma-ray burst (GRB) at the
merger (Eichler et al. 1989). While the orbital parame-
ters of this system and the pulsar characteristics have
been well studied, the formation path is still a mys-
tery (e.g., Postnov & Yungelson 2014 for a recent re-
view). The current orbital and proper motion imply
that the second core-collapse supernova, which formed
the younger pulsar PSR J0737-3039B, was an ultra-
stripped supernova associated with a very small amount
of mass ejection of O(0.1M⊙) (Piran & Shaviv 2005;
Dall’Osso et al. 2014). Furthermore, van den Heuvel
(2007); Beniamini & Piran (2016) pointed out that a
majority of the observed double neutron star systems in
the Galactic plane should originate from ultra-stripped
supernovae in order to remain bound.
A small amount of ejecta suggests that supernovae
associated with double pulsar formation is fainter than
normal core-collapse supernovae if the emission powered
only by the radioactivity of 56Ni and 56Co (Tauris et al.
2013; Suwa et al. 2015; Moriya et al. 2017). However,
the spin-down power of new-born pulsars may be much
higher than the radioactive power. With the observed
magnetic field strength of PSR J0737-3039B and its ini-
tial spin estimated via the assumption of the tidal syn-
chronization, the second supernova may leave a fast-
rotating pulsar as a compact remnant. Then, the emis-
sion of supernovae associated with the double pulsar for-
mation like PSR J0737-3039A/B is likely powered by the
pulsar wind, as considered in the pulsar-driven model
for super-luminous supernovae (Kasen & Bildsten 2010;
Woosley 2010).
2Recent high-cadence optical transient surveys have
discovered rapidly evolving transients (e.g., Drout et al.
2014; Arcavi et al. 2016; Tanaka et al. 2016;
Whitesides et al. 2017). Some of these transients
may arise from the core collapse of an ultra-stripped
star. For instance, Arcavi et al. (2016) find rapidly
rising optical transients, which have a rise time scale of
10 days or even shorter and peak luminosities between
1043–1044 erg/s (see also Whitesides et al. 2017). These
luminosities are in between those of typical type II and
super-luminous supernovae. The nickel mass required
to explain their peak luminosity exceeds the total
ejecta mass inferred from the rise time, suggesting
that there is an extra energy source in addition to the
radioactivity.
Lyubarsky (2014); Cordes & Wasserman (2016);
Popov & Pshirkov (2016) suggested that fast ra-
dio bursts (FRBs) can be explained as supergiant
pulses arising from magnetized neutron stars. Such
pulsar-driven supernovae became of interest in view
of one the plausible candidates of FRBs. It has also
been predicted that a bright long-term radio emis-
sion may naturally arise from synchrotron emission
of non-thermal electrons and positrons in a pulsar
wind nebula (Murase et al. 2016). The repeating
FRB 121102 discovered by the Arecibo telescope
(Spitler et al. 2016), whose host galaxy was recently
identified following the FRB detection of Very Large
Array (VLA), is accompanied by a persistent radio
counterpart that is possibly associated with the FRB
source (Chatterjee et al. 2017; Tendulkar et al. 2017).
A young pulsar with a high spin-down luminosity
surrounded by a small amount of supernova ejecta has
been argued as one of the plausible candidates of the
radio source (Kashiyama & Murase 2017).
In this work, we explore optical counterparts of
newborn double pulsar systems such as PSR J0737-
3039A/B. We estimate the ejecta mass of the second
supernova and an initial spin period and magnetic field
strength of the associated remnant in §2. Then we study
the optical emission leaking from the supernova ejecta
powered by the pulsar wind in §3. In §4, we discuss the
possible connection of the young binary neutron stars
with repeating FRBs. In §5, we conclude our results
and discuss the observational implications.
2. MILLISECOND PULSARS ARISING FROM
ULTRA-STRIPPED PROGENITORS IN CLOSE
BINARIES
2.1. Observational characteristics of the known double
pulsar system PSR J0737-3039A/B
The radio observations of PSR J0737-3039A/B pro-
vide us implications for their progenitors and the second
core-collapse supernova, where the younger pulsar of the
system was formed. Here we summarize some relevant
parameters inferred from the observations.
PSR J0737-3039A/B is a double pulsar system of
which the neutron star masses are 1.338+0.0007
−0.0007M⊙
and 1.249+0.0007
−0.0007M⊙ and the current orbital period
is 0.102 day with an orbital eccentricity of 0.088
(Lyne et al. 2004; Kramer et al. 2006). The current
spin periods of PSR J0737-3039A and B are 23 ms
and 2.8 s, respectively1. The proper motion of the sys-
tem is also measured as ∼ 9 km/s (Kramer et al. 2006;
Deller et al. 2009). These orbital parameters and proper
motion suggest that the mass ejection at the second core
collapse Mej is only 0.1–0.2M⊙ (e.g., Piran & Shaviv
2005; Dall’Osso et al. 2014). This very small amount
of the ejecta requires that the progenitor was an ultra-
stripped star. Beniamini & Piran (2016) showed that a
majority of the observed double neutron star systems in
the Galactic disk are expected to originate from ultra-
stripped progenitors (see also van den Heuvel 2007).
The spin-down rate of the pulsars indicates that the
current magnetic field strengths are 109.8G and 1012.2G
for PSR J0737-3039A and B, respectively (Lyne et al.
2004). The fast spin and weak magnetic field of
PSR J0737-3039A suggest that this pulsar was formed
first and experienced mass accretion from the compan-
ion. Therefore, PSR J0737-3039B is considered to be
formed at the second core collapse. Note that the cur-
rent magnetic field strengths may be weaker than their
initial strengths because the magnetic fields might have
decayed. We focus on the second core-collapse event
associated with the formation of PSR J0737-3039B-like
objects throughout the paper.
In addition to the double pulsar system PSR J0737-
3039A/B, PSR J1906+0746 is likely to be the younger
pulsar in a close neutron star binary with an orbital pe-
riod of 0.17 day (Lorimer et al. 2006; van Leeuwen et al.
2015). The magnetic field strength and the ejecta
mass at the second core collapse are estimated as
1012.2 G and ∼ 0.8M⊙, respectively (Lorimer et al.
2006; Beniamini & Piran 2016). Note, however, that
this ejecta mass is estimated based on the upper limit
on the proper motion . 400 km/s of this system, so that
it could be smaller (van Leeuwen et al. 2015).
2.2. A progenitor scenario
We consider the following scenario of the double
neutron star formation (see Tauris et al. 2013, 2015;
Suwa et al. 2015 for the evolution of ultra-stripped pro-
genitors):
1 PSR J0730-3039B has not been seen from the Earth since
2008.
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1. A He star with a mass ∼ 3M⊙ orbits with an or-
bital period of ∼ 0.1 day around a neutron star
that is formed at the first supernova. In such a
system, the He star is quickly tidally synchronized
with the orbital motion, as will be discussed later.
2. After the core He-burning finishes, the tidal torque
on the star is significantly reduced since the con-
vective core contracts. While the angular momen-
tum of the envelope is lost due to the wind mass
loss during this stage, the angular momentum of
the core may not be significantly transferred to
the envelope (Hirschi et al. 2005; Yoon & Langer
2005; Meynet & Maeder 2007).
3. At the end of the stellar evolution, the second su-
pernova occurs, where a small amount of mass
O(0.1M⊙) is ejected. The newly formed pulsar
rotates with the angular momentum of the core
prior to the collapse. This rotational energy is the
source of a supernova powered by a pulsar wind
discussed in the following sections.
Here we make two simple but reasonable assumptions.
First, the spin angular momentum and mass of the core
just prior to the core collapse is assumed to be equal
to those of the He-burning core. Second, we assume a
circular orbit until the core collapse. Then, the initial
spin period of PSR J0737-3039B,Ps,ns, can be estimated
through the angular momentum conservation:
Ps,ns=
(
rg, nsRns
rg, cRc
)2
Porb,
≈ 0.8 ms
(
r2g, c
0.075
)−1(
r2g, ns
0.4
)(
Rc
0.13R⊙
)−2
×
(
Rns
11km
)2(
Porb
0.12 day
)
, (1)
where Rc and Rns are the radius of the core of
the He star and of the new-born pulsar, rg,c and
rg, ns are their non-dimensional gyroradii (Kushnir et al.
2016; Lattimer & Prakash 2001), Porb is the orbital
period at the second core collapse. Here we have
used the semi-major axis at the second collapse of
∼ 1011 cm (Beniamini et al. 2016), inferred from the
fact that the second core-collapse supernova occurred at
∼ 50 Myr ago, corresponding to the spin-down age of
PSR J0737-3039B. Note that the above estimate of the
pulsar’s spin frequency is the maximal one since we have
assumed that the core does not lose its angular momen-
tum in the post He-burning phase. For instance, the
initial spin period of the pulsar becomes ∼ 8 ms if 90%
of the core’s spin angular momentum is lost. The initial
spin energy of the new-born pulsar is
Es=
1
2
r2g, nsR
2
nsMns
(
2pi
Ps,ns
)2
,
≈ 3.5 · 1052 erg
(
r2g, c
0.075
)2(
r2g, ns
0.4
)−1(
Mns
1.3M⊙
)
×
(
Rns
11 km
)−2(
Rc
0.13R⊙
)4(
Porb
0.12 day
)−2
, (2)
whereMns is the mass of the new-born pulsar. Note that
this energy is much larger than the explosion energy of
a typical supernova of ∼ 1051 erg.
The assumption of the synchronization during the
core He-burning phase is justified as follows. The tidal
synchronization of the progenitor star occurs on the
synchronization time (Zahn 1975, 1977; Kushnir et al.
2017):
tsync ≈ 300 yr q
−5/6
(
1 + q
2
)2( r2g
0.075
)(
Porb
0.12 day
)17/3
×
(
R∗
0.43R⊙
)2(
Rc
0.13R⊙
)−9(
M∗
3M⊙
)(
Mc
1.4M⊙
)4/3
,(3)
where q is the mass ratio of the progenitor star to the
companion neutron star, R∗ and M∗ are the radius and
mass of the He star, and Mc is the core mass. This
timescale is much shorter than the lifetime and the
timescale of the wind angular-momentum loss of a He
star. Thus, the progenitor star is tidally synchronized
during the He-star phase. It can be also shown that the
circularization of the orbit occurs during the He-burning
phase due to the tidal torque (Zahn 1977). In the post
He-burning phase, the core radius shrinks, and hence the
tidal synchronization is much less efficient so that the
progenitor star likely leaves the synchronization state
(see Eq. 3 for the strong dependence of the synchroniza-
tion time on the convective core radius). The situation
is somewhat complicated for binaries with longer orbital
periods. For instance, double neutron star progenitors
with a gravitational-merger time of tGW = 10 Gyr, cor-
responding to Porb = 0.65 day, have tsync ≈ 3 Myr,
which is of order of the timescale of the stellar evolu-
tion.
Note that the synchronization time scale is quite
sensitive to the structure of the progenitors so that
the stellar evolution calculation is needed for detailed
studies (see, e.g., Tauris et al. 2015 for a stellar evo-
lution study of double neutron stars). Furthermore,
the spin angular momentum of the core may be lost
during the late stage of the stellar evolution. The
final spin angular momentum of the core depends
on the efficiency of angular momentum losses from
the star due to the wind and that from the stellar
core to the envelope. The former depends on the
4anisotropy and the magnetization of the wind (see, e.g.,
Meynet & Maeder 2007; Ud-Doula et al. 2009). The
latter occurs through the angular momentum transport
due to the magnetic field and meridional circulation.
Note that Hirschi et al. (2005); Yoon & Langer (2005);
Meynet & Maeder (2007) showed that the angular mo-
mentum exchange between the core and envelope may
not be efficient in the post core He-burning phase. We
do not go into these issues in this work and will address
them in a future work.
3. OPTICAL EMISSION FROM PULSAR-DRIVEN
ULTRA-STRIPPED SUPERNOVAE
A new-born pulsar of a binary neutron star system
launches a relativistic wind, which interacts with the
supernova ejecta surrounding the wind. The forward
shock in the supernova ejecta and the reverse shock in
the wind (the wind termination shock) are formed. The
internal energy of the supernova ejecta is increased via
the shock dissipation and the reprocess of non-thermal
radiation from the pulsar wind. Here we consider an
optical transient arising from such a system (see, e.g.,
Kotera et al. 2013; Yu et al. 2015; Kasen et al. 2016;
Kashiyama et al. 2016).
3.1. Dynamical and thermal evolution of the system
Pulsar winds are powered by the pulsar’s spin-down
energy with a luminosity (Gruzinov 2005; Spitkovsky
2006):
Lsd≈
µ2
c3
(
2pi
Ps,ns
)4
,
≈ 1.4 · 1044 erg/s
(
B
1012.2G
)2(
Ps,ns
0.8 ms
)−4
, (4)
where µ = BR3ns/2, B is the dipole magnetic field
strength at the neutron star surface at the dipole pole,
and we have assumed that the dipole axis is aligned to
the rotational axis of the star. Note that the formula
shown by Gruzinov (2005); Spitkovsky (2006) gives a
spin-down luminosity even larger than Eq. (4) by a fac-
tor of ≤ 2 when the dipole axis is misaligned with the
rotation axis. Here we have also assumed that the cur-
rent strength of the magnetic field of PSR J0737-3039B
is a typical value of new-born pulsars in close double
neutron star systems. The spin-down luminosity is con-
stant until the spin-down time:
tsd=
Es
Lsd
,
≈ 8 yr
(
B
1012.2G
)−2(
Ps,ns
0.8 ms
)2
, (5)
After tsd, the spin-down luminosity declines as ∝ t
−2.
Note that we focus on the evolution of the system and
its optical emission up to 100 days after the explosion,
and hence, the spin-down luminosity is constant for our
fiducial parameters.
The energy flux of the pulsar wind is carried by rela-
tivistic particles and magnetic fields:
Lsd=Le+e− + LB, (6)
≡ (1 + σ)Le+e− ,
where Le+e− and LB are the luminosities of elec-
trons/positrons and magnetic fields, respectively. The
ratio of the luminosities between these two compo-
nents are traditionally denoted by a parameter σ.
The out-going energy flux near the pulsar is domi-
nated by the magnetic filed, i.e., σ ≫ 1. Then
the magnetic energy is assumed to be converted to
the particles’ energy due to either magnetic reconnec-
tion or plasma/magnetrohydrodynamical instabilities
around the wind termination shock. As in the previous
works for pulsar-driven supernovae (e.g., Murase et al.
2015; Kashiyama et al. 2016) we consider the limit σ ≪
1, i.e, LB ≪ Le+e− , in the nebula just outside the
wind termination shock. This is motivated by the one-
zone modeling of the Crab pulsar wind nebula (see,
e.g., Rees & Gunn 1974; Kennel & Coroniti 1984).
Thermal emission emerging from the supernova ejecta
powered by a pulsar wind is described by the first
law of thermodynamics of the ejecta (Arnett 1979;
Kasen & Bildsten 2010):
dEint
dt
= −
Eint
t
− Lrad + Q˙, (7)
where Eint is the internal energy, Lrad is the thermal
radiation cooling rate, and Q˙ is the heating rate of the
ejecta. Here we describe the thermal radiation cooling
as Lrad ≈ Eint/trad, where trad = 3ξκMej/4pivejct is the
photon diffusion time scale at a given time, κ is the
opacity of the ejecta to the thermal photons, vej is the
typical ejecta velocity, ξ is a geometrical factor depend-
ing on the ejecta profile.
We turn now to discuss the heating rate Q˙ and the
dynamics of the ejecta. As long as the supernova ejecta
is sufficiently optically thick, the spin-down power in-
jected to the ejecta forms a forward shock in the ejecta
irrespective of the value of σ. During this phase, roughly
a half of the spin-down energy is converted to the inter-
nal energy and another half is converted to the kinetic
energy. The energy dissipation at the forward shock is
efficient until the time when the thermal radiation ef-
ficiently escapes from the system2 or the total injected
2 The synchrotron cooling time of relativistic electrons and
positrons injected in the wind nebula is faster than the dynamical
time (see, e.g., Metzger et al. 2014; Murase et al. 2015). Therefore
the pressure in the wind nebula is dominated by radiation. Once
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energy becomes comparable to the ejecta’s initial kinetic
energy. The former occurs when the diffusion time of
thermal photons in the ejecta is comparable to the ex-
pansion time:
tdiff =
(
3ξκMej
4picvej
)1/2
, (8)
≈ 5 day ξ1/2
(
κ
0.1 cm2/g
)1/2 (
Mej
0.1 M⊙
)3/4(
Esn
1050 erg
)−1/4
,
where we use the opacity as the sum of the electron
scattering of partially ionized plasma and the bound-
bound absorption, and ξ is chosen to be unity. Here the
supernova kinetic energy Esn = 10
50 erg corresponds to
the initial ejecta velocity of vej,0 ≈ 0.03c and the ejecta
mass of Mej ≈ 0.1M⊙. The latter occurs at the sweep-
up time tsw, which is estimated by
ηMejv
2
ej≈
∫ tsw
Lsddt ≈ tswLsd, (9)
where η is an order-of-unity parameter that depends
on the ejecta’s structure (Suzuki & Maeda 2017). The
sweep-up time is thus
tsw≈ 8 day η
(
B
1012.2G
)−2
×
(
Ps,ns
0.8 ms
)4(
Esn
1050 erg
)
. (10)
The supernova ejecta expands with a constant velocity
until t ∼ tsw. After tsw, the injected energy from the
pulsar wind exceeds Esn and the ejecta velocity increases
with time if tdiff > tsw. We describe the shock heating
rate as
Q˙sh(t)≈
1
2
Lsd (for t ≤ tsw, tdiff). (11)
For t > tsw, the shock proceeds in the outer part of
the ejecta, where the density gradient is rather steep
(Chevalier & Soker 1989). In such a region, the shock
heating is less efficient compared to those due to the ir-
radiation by non-thermal photons produced in the pul-
sar wind nebula as discussed later. Here we neglect the
shock heating for t > tsw (see Kasen et al. 2016 for the
shock heating rate in the ejecta). Furthermore, tsw is
longer than tdiff for the parameters considered in this
paper (see Table 1). In such cases, the forward shock
breaks out by tsw. After the shock breaks out, the energy
injection into the ejecta is weaken and radiative cooling
becomes quite efficient. As a result, the ejecta is slowly
accelerated due to the adiabatic expansion and the mo-
mentum injection. These may result in the increase of
the radiation starts to diffuse out from the system, the pulsar wind
may not push the supernova ejecta efficiently.
the ejecta velocity by . 50% at 100 days. However, we
simply assume that the ejecta velocity is constant with
time in this work because we do not solve the X-ray and
UV absorptions of the ejecta at late times properly (see
the following discussion).
The heating due to the reprocessing of non-thermal
photons produced in the nebula can be efficient even at
late times. Here we treat these processes in a simple way
as follows. At early times, electromagnetic cascades pro-
ceed in the saturation regime, leading to a flat energy
spectrum up to ∼ 1 MeV (Metzger et al. 2014). At later
times, the spectrum depends on the seed photon spectra,
but it can roughly be estimated to be a flat spectrum
from ∼ 1 eV to ∼ 0.1 TeV while the supernova emission
continues, which is expected based on more detailed cal-
culations (e.g., Murase et al. 2015, 2017). High-energy
γ rays (& 1 MeV) heat up the ejecta through the Comp-
ton scattering and the pair production process. X-ray
and UV photons are absorbed and heat up the ejecta
through the photoelectric (bound-free) absorption un-
less the ejecta are fully ionized. Here we describe the
heating rate as
Q˙rad(t) ≈
(
fγ + fX−UV,bf
)
Lsd, (12)
where fγ and fX−UV,bf are the heating efficiencies of γ
rays and X-ray and UV photons to the spin-down lumi-
nosity, respectively. We calculate the frequency depen-
dent heating efficiency of γ rays at each time:
fγ(t) =
∫ νmax
νmin
dν
ν min(Kγ,ντγ,ν , 1)∫ 1TeV
1 eV
dν
ν
, (13)
where the frequency range of γ rays is (hνmin, hνmax) =
(10 keV, 1TeV), and h is the Planck constant. Here,
τγ,ν is the optical depth of the ejecta to γ rays and Kγ,ν
is the photon inelasticity at a given frequency, where
the Klein-Nishina cross section and the cross section for
the Bethe-Heitler pair production in the field of a car-
bon nucleus are taken into account (Murase et al. 2015;
Chodorowski et al. 1992). Note that the coefficient of
the γ-ray optical depth depends on the density profile
of the ejecta. Here we simply assume a density profile to
be constant with the radius. Adopting a realistic density
profile may result in different ejecta mass and velocity
estimates by a factor of a few.
The heating efficiency of X-ray and UV photons (∼
10 eV to ∼ 10 keV) are somewhat more difficult to es-
timate because it depends on the ionization state of
the ejecta. The value of f
X−UV,bf is limited by the en-
ergy fraction of photons with energies from ∼ 10 eV to
∼ 10 keV, and hence, f
X−UV,bf . 1/4. In this work, we
assume f
X−UV,bf to be constant with time and we deter-
mine f
X−UV,bf such that the late-time tail of the theo-
retical light curve reproduces the observed light curves
(see Table 1). Note that the photoelectric absorption
6Table 1. Parameters of theoretical light curves
Event redshift κ [cm2/g] Mej [M⊙] vej [c] Esn [erg] Lsd [erg/s] fX−UV,bf
PTF10iam 0.109 0.1 0.1 0.07 4.4 · 1050 2.4 · 1044 0.9
SNLS04D4ec 0.593 0.1 0.1 0.09 7.3 · 1050 2.9 · 1044 0.05
SNLS05D2hk 0.699 0.1 0.1 0.06 3.2 · 1050 3.2 · 1044 0.1
SNLS06D1hc 0.555 0.1 0.1 0.07 4.4 · 1050 2.6 · 1044 0.1
The redshifts are taken from Arcavi et al. (2016).
is efficient until the supernova ejecta are fully ionized.
The ionization break occurs at different times for differ-
ent frequencies (see Metzger et al. 2014). For instance,
the ionization break-out time for iron can be estimated
as
tbo≈ 100 day
(
Mej
0.1M⊙
)(
vej
109 cm/s
)−3/2(
T
105K
)−0.4
(14)
×
(
XFe
0.35
)1/2(
Lsdt
1.7 · 1051 erg
)−1/2(
Z
26
)3/2
,
where XFe is the mass fraction of iron of the ejecta
(Suwa et al. 2015). The ionization break time of the
lighter elements is shorter, thereby f
X−UV,bf may de-
crease with time on a timescale of ∼ 100 days in a realis-
tic situation. Note that Rayleigh-Taylor instability may
grow and affect significantly the ejecta structure at late
times (t & tsw, see, e.g., Suzuki & Maeda 2017). This
affects the absorption probability of X-ray and UV pho-
tons and the estimate of the ionization break-out time.
In summary, a supernova ejecta powered by a pulsar
wind is heated by (i) the forward shock in the ejecta until
t ≈ min(tdiff , tsw), (ii) the Compton scattering and pair
production process to γ rays emitted by non-thermal
electrons and positrons in the pulsar wind nebula, which
last until the ejecta becomes optically thin to γ rays, and
(iii) the photoelectric absorption of X-ray and UV pho-
tons, which likely lasts until 100 days. This injected en-
ergy into the ejecta is cooled by the adiabatic expansion
and radiative losses. Note that we neglect the radioac-
tive heating as it is expected to be much smaller than the
spin-down luminosities for our fiducial parameters. The
resulting bolometric light curve of the thermal radiation
is obtained as
Lrad(t) ≈
exp
(
− t
2
2t2
diff
)
t2diff
∫ t
dttQ˙(t) exp
(
t2
2t2diff
)
,(15)
where we have assumed that the ejecta are not acceler-
ated significantly, and the initial internal energy of the
supernova ejecta does not contribute to the radiation.
The latter is justified because the adiabatic cooling is
efficient for compact progenitors.
Figure 1 shows the bolometric light curve of the ther-
mal emission Lrad and the total heating rate. The heat-
ing rate of each process is also depicted. Here we use
the parameters of PTF10iam shown in Table 1. The
bolometric light curve arises on the diffusion time scale
and has a peak luminosity of ≈ Lsd/2. It declines fast
after tdiff to 20 days, where the Compton scattering and
pair production dominate the heating rate and γ rays
start to leak from the ejecta on this time scale. After
20 days, the bound-free absorption to X-ray and UV
photons dominates the heating rate, which contributes
to the long-lasting tail of the bolometric light curve.
3.2. Optical light curves
We calculate bolometric light curves of the super-
nova thermal radiation using Eq. (7). In order to ob-
tain the light curve at a given frequency, we assume
the black-body spectrum with a temperature given by
Teff = (Lrad/4piσSBr
2)1/4, where σSB is the Stefan-
Boltzmann constant (Arnett 1979). For instance, the
effective temperature at the peak time ≈ tdiff with the
peak luminosity ≈ Lsd/2 is
Teff ≈ 4 · 10
4 K
(
B
1012.5G
)0.5(
Ps,ns
1 ms
)−1
×
( vej
0.03 c
)−1/2( tdiff
5 day
)−1/2
. (16)
We expect bright thermal radiation in the UV to optical
bands after the peak time. The black-body assumption
cannot be justified once the photosphere shrinks signif-
icantly. This occurs shortly after the peak of the bolo-
metric light curve. Then the emission is dominated by
the nebula emission rather than the photospheric emis-
sion. However, the calculation of the nebular emission
requires detailed treatments on the radiative transfer,
which are beyond the scope of this paper.
Figure 2 shows the light curves of the thermal emis-
sion arising from the pulsar-driven supernova with small
ejecta mass. Also shown are the observed light curves
of rapidly rising optical transients (Arcavi et al. 2016).
The peak luminosity and rise time scale are basically de-
termined by Lsd and κMej/vej, respectively. The slope
of the tail depends on f
X−UV,bf and vej. The parameters
used for each event are listed in Table 1. These param-
eter ranges are inferred from the formation scenario of
double pulsar systems like PSR J0737-3039A/B, as de-
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Figure 1. The bolometric light curve (black solid curve)
and heating rates. The ejecta mass, initial kinetic energy
of the ejecta, and the spin-down luminosity of the new-
born pulsar are chosen to be 0.1M⊙, 4.4 · 10
50 erg, and
2.4 · 1044 erg/s, respectively. The heating rate due to the
shock, the γ-ray heating through the Compton scattering
and pair production, and bound-free absorption are shown
as a red solid, purple short dot-dashed, and green long dot-
dashed curve, respectively. Also shown as a vertical line is
the diffusion time of thermal photons.
scribed in the previous section. Note that we have four
independent parameters, κMej, vej, Lsd, and fX−UV,bf ,
to generate the theoretical light curves. It is worthy
noting that the observed data are reproduced with the
ejecta’s kinetic energies of 3–8 · 1050 erg, which are con-
sistent with the results of a hydrodynamical simulation
of ultra-stripped supernovae (Suwa et al. 2015). Around
100 days, the ejecta temperature becomes somewhat low
∼ 3000 K, where atoms with low ionization energy, e.g,
iron, are not fully recombined (Kleiser & Kasen 2014).
The heating efficiency of the photoelectric absorption
f
X−UV,bf is 0.05 to 0.1, corresponding to that roughly
less than a half of the energy in X-ray and UV pho-
tons are thermalized. Note that, however, the back-
body assumption may not be a good approximation at
late times, so that the values of f
X−UV,bf derived via the
light curve fitting is physically less meaningful.
In summary, an optical counterpart of the double pul-
sar formation like PSR J0737-3039A/B, i.e., an ejecta
mass of ∼ 0.1M⊙ and a pulsar’s initial spin-down lumi-
nosity of ∼ 2·1044 erg/s, has a fast rise time, bright peak
luminosity, and long-lasting tail, which broadly agree
with the observed light curves of the rapidly rising opti-
cal transients (Arcavi et al. 2016). The long-lasting en-
ergy injection to the ejecta due to the photoelectric ab-
sorption plays a crucial role to produce the long-lasting
tail of the light curves. In order to reproduce the ob-
served light curves, one needs a spin-down luminosity
of & 2 · 1044 erg/s and a spin down time of & 0.3 yr,
respectively. These conditions give upper limits on the
initial spin period and magnetic field strength as ∼ 3 ms
and 1013.5 G, respectively.
3.3. Rates and diversity
The rate of ultra-stripped supernovae powered by a
new-born pulsar in a double pulsar system is expected
to be ∼ 0.1% of that of normal core-collapse supernovae.
This number is estimated from the population of dou-
ble neutron stars in the Galaxy (Kalogera et al. 2004;
Kim et al. 2015), as well as the rate of short GRBs (with
a correction of the beaming factor; Wanderman & Piran
2015). While the rate of rapidly rising optical transients
is still unknown, the inferred rate of ∼ 102 Gpc−3 yr−1
looks consistent with this rate. In this work, we focus on
the transients reported by Arcavi et al. (2016) and we
propose that they are ultra-stripped supernovae occur-
ring in very close binaries. The rapidly-evolving tran-
sients reported by Drout et al. (2014), which are fainter
than those in Arcavi et al. (2016), may also arise from
the birth of a double pulsar system with different param-
eters, e.g., larger orbital separations. Their event rate
is estimated as ∼ 5 · 103 Gpc−3 yr−1. Given the large
uncertainties in the estimates of the birth rate of double
pulsar systems, these transients might be explained as
supernovae associated double pulsars.
The formation of double pulsars likely has variations
in the orbital period at the second core collapse and
the strength of the magnetic field. Note also that, as
we mentioned earlier, the initial spin period of pul-
sars depends on the mass loss history of the post He-
burning phase. Therefore we expect there to be a
broad range of the peak luminosities and rise times
(see Kashiyama et al. 2016 for a study with a wide
range of parameters). For instance, the spin-down lu-
minosity of a pulsar in a binary with an orbital pe-
riod of 0.65 days, corresponding to a merger time of
10 Gyr, is ∼ 3 · 1041 erg/s, if the progenitor star is
tidally synchronized during the core He-burning phase.
In such a case, the radioactivity of 56Ni may provide
more energy than the pulsar wind at the peak time
of the light curve, and hence, the peak luminosity is
much fainter. Such population may explain some of the
observed faint ultra-stripped supernovae and calcium-
enriched gap transients (Moriya et al. 2017).
4. CONNECTION BETWEEN FAST RADIO
BURSTS AND DOUBLE PULSAR SYSTEMS?
We now turn to discuss a scenario that the new-
born pulsars in close double neutron stars are the
progenitors of FRBs. Young neutron star sys-
tems have been intensively investigated as the FRB
sources (e.g., Popov & Postnov 2010; Lyubarsky 2014;
Cordes & Wasserman 2016; Popov & Pshirkov 2016;
Connor et al. 2016; Murase et al. 2016), and even more
so for the repeating FRB 121102 after the discovery of
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Figure 2. Absolute magnitude of the optical emission from a supernova ejecta interacting with a new-born pulsar wind and
the observed data of the rapidly rising optical transients taken from Arcavi et al. (2016). The detections and the 3-sigma upper
limits are depicted as squares and triangles, respectively. Here we take the effect of the cosmological redshift on the observed
time and observed flux into account for the theoretical curves. The parameters of the theoretical curves used for each event are
listed in Table 1.
its host galaxy and persistent radio counterpart. Several
authors claim that a high spin-down luminosity and/or
small ejecta mass are favored to explain the observed
characteristics of FRB 121102 (Kashiyama & Murase
2017; Metzger et al. 2017; Kisaka et al. 2017; Katz 2017;
Dai et al. 2017; Piro & Burke-Spolaor 2017; Waxman
2017). In particular, Kashiyama & Murase (2017)
showed that the persistent radio counterpart is con-
sistent with the radio emission arising from a pulsar
wind nebula in an ultra-stripped supernova remnant
with Mej ∼ 0.1 M⊙, powered by a new-born pulsar
with B ∼ 1012–1013 G, Ps,ns . a few ms, and an age
of ∼ 10 yr. The above parameters are in accord with
those of new-born pulsars in close double neutron stars.
The new-born pulsar scenario of the repeating FRB
suggests that the pulsar-wind nebula emits radiation in
a broad range of wavelengths, e.g., optical, X ray, γ
ray. The spatially resolved optical-IR emission around
FRB 121102 is consistent with the emission of an active
star forming region (Tendulkar et al. 2017; Bassa et al.
2017). The discovery of such radiation in X ray and γ
ray will be strong evidence for supporting this scenario.
However, X-ray emission is not detected by XMM-
Newton and Chandra so far and the derived upper limit
is νFν ∼ 3 · 10
−15 erg cm−2 s−1 (Chatterjee et al. 2017).
This upper limit is still consistent with the model that
the persistent emission of the repeating FRB has a spec-
tral shape similar to the Crab’s one (Chatterjee et al.
2017) and that of theoretical modeling of a young pul-
sar wind nebular emission (Murase et al. 2016, 2017).
The population of repeating FRB sources can
be estimated as follows. The rate of repeat-
ing FRBs inferred from the survey is 5.1+17.8
−4.8 ·
104 sky−1 day−1 (Scholz et al. 2016). The all-sky rate
can be converted to the volumetric rate as R
FRB
∼
1.2 · 104 Gpc−3 day−1, assuming that the Arecibo tele-
scope can detect FRB 121102-like objects at distances
out to 1 Gpc. Given the fact that 11 bursts are de-
tected in 0.6 day during the Arecibo survey, the to-
tal number of FRBs emitted by one repeating FRB
source throughout its lifetime is roughly Ntot ∼ 6.7 ·
104 (T
FRB
/10 yr), where T
FRB
is a typical lifetime of
repeating FRB objects, which is currently unknown.
The birth rate of repeating FRB sources is estimated
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as R
FRB
/Ntot ∼ 70f
−1
b Gpc
−3 yr−1 (T
FRB
/10 yr)−1 (see
Lu & Kumar 2016; Nicholl et al. 2017 for more detailed
discussions taking the luminosity function into account).
Here fb ≤ 1 is a beaming factor of FRBs. If TFRB ∼
10 yr, this birth rate is compatible with the formation
rate of binary neutron stars (see, e.g., Kalogera et al.
2004; Kim et al. 2015 for the Galactic double neutron
star systems and Wanderman & Piran 2015 for short
GRBs).
While the rate of rapidly rising optical transients is
currently unknown, more systematic observational stud-
ies will allow us to reveal the event rate. This will en-
able us to test our scenario. Furthermore, if millisecond
pulsars formed in neutron star binaries are the progen-
itor of the rapidly rising optical transients, bright radio
pulses and persistent emission are expected to be asso-
ciated with these events. Therefore the radio follow-up
observations of these transients can confirm or rule out
this scenario. Also, successful detections will allow us to
discover extragalactic pulsars with millisecond periods.
Although the scenario has some testable predic-
tions, we should note that the host property of FRB
121102 is so far against the possible connection between
rapidly rising transients and repeating FRBs; the host
galaxy of FRB 121101 is a dwarf-star-forming galaxy
(Tendulkar et al. 2017) while those of the rapidly rising
transients are massive galaxies (Arcavi et al. 2016). We
definitely need more samples for this discussion too.
5. SUMMARY AND DISCUSSION
We studied optical counterparts of a new-born pul-
sar in double neutron star systems like PSR J0737-
3039A/B. We considered the thermal emission arising
from a pulsar wind embedded in the supernova ejecta.
Given the ejecta mass, magnetic field’s strength of the
pulsar inferred from the PSR J0737-3039A/B, and its
initial spin, which is inferred from the tidal synchroniza-
tion of the progenitor star during the core He-burning
phase, this emission is expected to have a peak bolo-
metric luminosity of ∼ 1044 erg/s and a rise time of
∼ 10 days. In addition, the optical light curves have
a long-lasting tail due to the photoelectric absorption
of the ejecta to X-ray and UV photons emitted by the
pulsar wind nebula. These features are broadly consis-
tent with those of the observed rapidly rising optical
transients (Arcavi et al. 2016).
There are several issues in our model. Regarding the
pulsar model of ultra-stripped supernovae, one of the
concerns is that the broad emission and absorption lines
of Hα are seen in the spectrum of PTF10iam, which are
not expected for the explosion of ultra-stripped progen-
itors. However, it could be explained by Si II, so more
detailed studies of the spectra are needed (Arcavi et al.
2016). While we argued that tidal synchronization may
lead to a fast-rotating pulsar as a remnant of the second
supernova, initial magnetic fields are highly uncertain
and stronger magnetic fields are possible. One should
also note that the initial spin frequency, i.e., the ini-
tial spin down luminosity, of PSR J0737-3039B may be
much lower than our estimate, depending on the mass
loss history of the progenitor. In order to address this
issue, detailed studies based on the stellar evolution are
needed.
We also discussed the possible connection between
young binary neutron stars and FRBs. A small amount
of the ejecta and high pulsar spin-down luminosity at
the birth of the younger pulsars of binary neutron stars
are in accord with the parameters for the repeating FRB
121102 (Kashiyama & Murase 2017). Furthermore, the
formation rate of repeating FRBs seems consistent with
that of binary neutron stars. These suggest that young
pulsars of binary neutron stars may produce FRBs.
While this work focused on electromagnetic counter-
parts of new-born neutron star binaries, analogous ar-
guments can be made for other nascent systems such
as black hole-neutron star binaries and black hole bi-
naries. In particular, a massive progenitor star that
is tidally synchronized by the companion may lead
to outflow-driven transients via the long-lasting accre-
tion onto a new-born black hole at the second col-
lapse (Kimura et al. 2017). The spin evolution of com-
pact binary progenitors is imprinted in the spin pa-
rameters of merging binary black holes, which can
also be measured through gravitational-wave detections
Abbott et al. (2016). Such measurements will shed
lights on various questions on the formation scenario
of compact binary objects that have been golden can-
didate sources of gravitational waves (Kushnir et al.
2016; Rodriguez et al. 2016; Zaldarriaga et al. 2017;
Hotokezaka & Piran 2017).
Apart from the emission of the ejecta powered by
the pulsar wind, we expect there to be significant non-
thermal radiation from the pulsar wind nebula. This
non-thermal radiation has a broad spectrum from the
radio to X and γ rays. These are also bright counter-
parts of a new-born pulsar in close double neutron star
systems. We will discuss this nebula emission and its
detectability in a separate paper. It is also worthy to
note that extragalactic binary pulsars can be a stan-
dard cosmological siren, which may allow us to measure
the expansion rate of the Universe (Seto et al. 2001).
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